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Replica exchangeThe Ras family of proteins plays crucial roles in a variety of cell signaling networks where they have the func-
tion of a molecular switch. Their particular medical relevance arises frommutations in these proteins that are
implicated in ~30% of human cancers. The various Ras proteins exhibit a high degree of homology in their sol-
uble domains but extremely high variability in the membrane anchoring regions that are crucial for protein
function and are the focus of this study. We have employed replica exchange molecular dynamics computer
simulations to study a doubly lipidated heptapeptide, corresponding to the C-terminus of the human N-Ras
protein, incorporated into a dimyristoylphosphatidylcholine lipid bilayer. This same system has previously
been investigated experimentally utilizing a number of techniques, including neutron scattering. Here we
present results of well converged simulations that describe the subtle changes in scattering density in
terms of the location of the peptide and its lipid modiﬁcations and in terms of changes in phospholipid den-
sity arising from the incorporation of the peptide into the membrane bilayer. The detailed picture that
emerges from the combination of experimental and computational data exempliﬁes the power of combining
isotopic substitution neutron scattering with atomistic molecular dynamics simulation. This article is part of a
Special Issue entitled: Membrane protein structure and function.mbrane protein structure and
rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Ras proteins are GTP binding proteins that play a crucial role as mo-
lecular switches in signal transduction cascades responsible for cell
growth, differentiation, and apoptosis. They are peripheral membrane
proteins consisting of a soluble domain and a membrane anchor. Muta-
tions in the soluble part of these proteins are known to inhibit their abil-
ity to become deactivated. In the past these mutations have been linked
to the development of tumors and in fact in about 30% of all human tu-
mors mutated forms of Ras proteins are found [1].The different human
Ras variants are highly homologous exhibiting differences only in the
C-terminal linker and membrane anchoring domains that contain vary-
ing numbers of lipidmodiﬁcations. These lipidmodiﬁcations (sometimes
in conjunction with clusters of positively charged amino acids) are re-
sponsible for membrane association and their removal leads to inactive
protein. While the structure of the soluble domain of a Ras protein was
solvedmore than 20 years ago [2] littlewas known about themembrane
anchoring domain at the time. In the last decade however considerable
progress has been made in understanding topology, structure, and dy-
namics of the membrane anchors of human N-Ras, K-Ras, and H-Ras[3–12] using a large number of methods including neutron scattering,
solid state nuclear magnetic resonance (NMR) spectroscopy, and in-
creasingly molecular dynamics (MD) simulations.
The human N-Ras protein features a C-terminal membrane anchor-
ing domain containing two post-translational palmitoyl lipid modiﬁca-
tions. It is now commonly understood that the function of biological
macromolecules not only depends on a single lowest energy conformer
but rather to involve an ensemble of structures and the same has been
found for the membrane anchor of human N-Ras. Recently we carried
out a study that combined NMR spectroscopy with MD simulation to
elucidate these structuralﬂuctuations [4]. Itwas further shown that suf-
ﬁcient sampling of the peptide backbone structure could only be
achieved by means of replica exchange MD simulations [13].
In the present study we have investigated the lipid–protein interac-
tions that are key to N-Ras function by determining the location of the
peptide backbone and the lipid modiﬁcations relative to the positions
of a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) phospholipid
bilayer membrane, a system for which there is extensive experimental
structural data [3,12,14–19]. Our focus here is the use neutron scattering
results [17] for the proteolipid complex to validate atomistic molecular
dynamics computer simulations carried out on a system of molecules
identical to the experimental conditions. While the experimental data
is of fairly low resolution (best case: 6 orders of diffraction, nominal res-
olution of 8.5 Å, worst case: 3 orders of diffraction, nominal resolution of
19 Å), after showing that the simulations can quantitatively reproduce
Fig. 1. Schematic representation of the structural model of the human N-Ras mem-
brane anchor.
Reproduced from Ref. [17] with permission.
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tion provided by the MD to obtain a detailed picture of the lipid–protein
assembly. In the next section we described the computational approach
taken to carry out and analyze the simulations, including the use of rep-
lica exchangemolecular dynamics to enhance sampling. This is followed
by comparison of simulation resultswith the neutron scattering data and
the molecular level interpretation of this data that emerges from the
analysis of simulation. We conclude with a discussion of potential future
applications of this combined experimental–simulation approach to the
challenging problem of structural characterization of membrane protein
systems.
2. Methods
Both the experiments and simulations utilized a heptapeptide
from the C-terminus of N-Ras with sequence gly-cys-met-gly-leu-
pro-cys where both cysteines are covalently linked to hexadecyl
chains which resemble the post translational palmitoylations in the
full length protein but were chosen for improved stability in the ex-
perimental investigations. Two replica exchange MD simulations
were conducted where one consisted of 40 DMPC lipids and 1119 wa-
ters while the other consisted of four Ras peptides, 40 DMPC lipids,
and 984 waters in a periodically replicated cell. The system size,
while atypically small for a membrane simulation, was chosen to op-
timize the exchange of conformations among the different tempera-
tures in the replica exchange simulation. Setup of the initial
conditions for both the lipid and peptides are described in reference
[4]. The program CHARMM was employed for the simulation and its
analysis [20], using the CHARMM all-H CMAP protein force ﬁeld
[21] with the all-H lipid force ﬁeld [22]. The smooth particle-mesh
Ewald algorithm [23] was used to compute the electrostatic forces
and the SHAKE algorithm [24] was used to maintain rigid all bonds in-
volving hydrogen atoms, allowing a 2-fs time step. All simulations
were run under conditions of constant volume to remain system in-
tegrity at higher temperatures of the replica exchange. Both simula-
tions were carefully monitored and membrane disintegration was
not observed at any temperature.
The replica exchange technique was employed to enhance sam-
pling of the backbone conformations which we previously showed
are extraordinarily challenging to sample using conventional MD
[4]. In total, 34 replicas were simulated at temperatures ranging
from 303 K to 514 K. Spacing of the temperatures was adjusted such
that the probability to accept a swap of replicas in neighboring tem-
peratures (attempted every 250 fs) was ~10%. The replica exchange
simulation of the pure DMPC membrane was run for 50.7 ns while
the simulation with the N-Ras peptides present was run for 39.2 ns
following an equilibration replica exchange simulation that was run
for 54.2 ns. All data presented here were taken from the lowest tem-
perature bath at 303 K (identical to the experimental conditions).
To calculate simulated neutron scattering proﬁles fromMD, atoms
that were deuterated in the experiments, were considered deuterated
in the simulation. The simulation cell was divided into slices perpen-
dicular to the z axis to create a histogram of atomic distributions
along the membrane normal. Each bin was parallel to the plane of
the bilayer with a width of 1.0 Å. Each trajectory frame was shifted
such that the center of mass of the bilayer is centered at z=0. In
each trajectory frame the number of occurrences of atom a within
bin b, nab, is multiplied by its corresponding scattering length, sa
[25]. The summation was accumulated for each bin over the entire
trajectory. Next, the average for each bin was calculated by dividing
by the total number of trajectory frames, the area of the simulation
unit cell, and the number of bins. The result is a neutron scattering
proﬁle averaged over the entire MD simulation with an effective res-
olution of 1.0 Å. The same method was also used to compute proﬁles
for particular atom groups simply by counting only the occurrences of
atoms in that group.3. Results and discussion
Fig. 1 provides a cartoon representation of the studied lipid/
peptide/water system and summarizes the experimental ﬁndings
published previously [17]. Several experiments were conducted to de-
termine the location of the individual Ras groups by measurement of
neutron scattering density difference proﬁles, i.e. the difference be-
tween the measured membrane proﬁles with and without peptide.
The strategy that was employed is based on contrast variation between
hydrogen and deuterium (deuterium scatters neutrons much more ef-
fectively) to localize differently labeled groups. For example, one proﬁle
was recorded for pure DMPC-d54 that was fully labeled with deuterium
in the hydrocarbon region while another proﬁle was recorded for the
same lipid in presence of the Ras peptide without any deuterium
atoms. The dilution of the highly scattering deuterium atoms in the
DMPCmolecules due to the presence of the peptide shows up in the dif-
ference of the two proﬁles (green line on the right hand side in Fig. 1)
thereby revealing the location of the Ras lipidmodiﬁcations. In a similar
fashion the peptide backbone and the amino acid side chains were lo-
calized (red line on the right hand side in Fig. 1) and showed two dis-
tinct maxima. While it was tempting to speculate that the inner
maximum corresponds to the side chains of the hydrophobic amino
acids partitioning into the membrane hydrocarbon core and the outer
maximum to the peptide backbone the low nominal resolution of the
experiment never allowed such a detailed analysis. In summary these
proﬁles were interpreted such that the peptide backbone is located in
the lipid water interface and the lipid modiﬁcations as well as the hy-
drophobic side chains penetrate the hydrocarbon center of the host
membrane but did not allow an exact localization.
Fig. 2 shows the scattering proﬁles from experiment and simula-
tion, with and without the Ras peptide, as well as the difference pro-
ﬁle, for each of the two deuteration schemes employed. Panel A
shows the experimental neutron scattering density proﬁles of acyl
chain deuterated lipid DMPC-d54 (red), DMPC-d54/Ras (blue), and
the difference between them (black). In this case the most prominent
feature is expected to arise from the Ras lipid modiﬁcations because
the protiated Ras lipid modiﬁcations, that mostly feature atoms with a
small scattering cross section, dilute the strongly scattering deuterated
DMPC acyl chains. In panel B the corresponding proﬁles calculated from
the replica exchange simulations are presented. For the calculation of
these proﬁles it was assumed that all 1H atoms in the acyl chains of
DMPC were replaced by 2H thereby creating DMPC-d54. Despite the
large difference in resolution the agreement between simulation and
experiment is excellent, both in terms of bilayer structural features,
such as the hydrocarbon thickness and methyl trough width, and in
the width and relative height of the difference proﬁle. There is a small
discrepancy in that the simulations do not reproduce the small outer
Fig. 2. Comparison of neutron scattering density proﬁles from experiment and simula-
tion. Panel A shows the experimental neutron scattering density proﬁles of DMPC-d54
(red), DMPC-d54/Ras (blue) and the difference between them (black) obtained from
3 orders of diffraction yielding a nominal resolution of 19 Å. Panel B shows the corre-
sponding proﬁles calculated from the replica exchange simulations at a resolution of
1 Å. Proﬁles for a second deuteration strategy, DMPC-d67 (red) and DMPC-d67/Ras-d66
(blue), were acquired from experiment (panel C, 6 orders of diffraction, nominal reso-
lution 8.5 Å) and simulation (panel D, resolution: 1 Å) and the according difference
proﬁles calculated (black). All data was gathered at 303 K.
Fig. 3. Decomposition of the difference proﬁle from Fig. 2B into contributions arising
from methyl (dashed) and methylene (solid) groups of DMPC-d54 (red) and DMPC-
d54/Ras (blue). The differences between these two simulations were calculated for
methyl and methylene groups and added up to give the solid green line which is virtu-
ally superimposed on the difference proﬁle from Fig. 2B (solid black line).
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may well be an artifact of Fourier truncation since the hydrocarbon
thickness of DMPC extends ~13 Å from the bilayer center [26], makingit unlikely that signiﬁcant change in mean scattering length densities
is occurring this far from the deuterated acyl chains. The efﬁciency of
sampling provided by the replica exchange technique is apparent
when comparing the scattering proﬁles in the upper and lower mono-
layers of the bilayer. The agreement between the two halves of the bi-
layer shows that the statistical uncertainty in the simulation is
extremely small, e.g. of the order of the line widths.
Panels C and D of Fig. 2 present data that parallel that of panels A
and B but with a second deuteration scheme. In order to probe the lo-
cation of the peptide backbone and amino acid side chains, experi-
ments were carried out with deuterated Ras acyl chains, so that the
difference proﬁle in the hydrocarbon core will be minimized because
deuterium concentrations will be approximately constant, and with
phospholipids deuterated in both the acyl chains and the hydrophilic
headgroups. Proﬁles of DMPC-d67 (red) and DMPC-d67/Ras-d66 (blue)
are shown from experiment (Fig. 2C) and simulation (Fig. 2D). The
proﬁles show signiﬁcantly more structure than those in panels A
and B but again good agreement between simulation and experiment
is observed in particular for the difference proﬁle, e.g. the pair of
peaks in the upper hydrocarbon and headgroup regions. Similarity
between the scattering proﬁles from simulation and experiment
could be further increased by smoothing the proﬁles from the simula-
tions to correct for the much lower nominal resolution of the experi-
ments but since the agreement is already very good for the difference
proﬁle which is most interesting to us without smoothing, we decid-
ed to keep the original data with higher resolution.
Having established that the simulation models can reproduce the
experimental observables with good accuracy we now turn to analy-
sis of the simulation trajectories. In Fig. 3 we present a decomposition
of the difference proﬁle from Fig. 2B, i.e. the DMPC chain deuterated
case. From the replica exchange simulations neutron scattering densi-
ty proﬁles were calculated for individual parts of the molecules. Scat-
tering density originating from methyl (dashed) and methylene
(solid) groups of the DMPC (red) and DMPC/Ras (blue) replica ex-
change simulations is shown. The differences between these two sim-
ulations were calculated for methyl and methylene groups and added
up to give the solid green line which is virtually superimposed on the
difference proﬁle from Fig. 2B (solid black line). Thus we see clearly
that the experimentally observed total scattering proﬁle difference
arises entirely from dilution of the DMPC hydrocarbon groups by
the Ras peptide lipid modiﬁcations that are deeply embedded in
the membrane as seen in the simulation snapshot shown in Fig. 4.
The uniform dilution across the hydrophobic core is consistent
with the observation, from simulation and 2H NMR chain order
Fig. 5. Analysis of the difference proﬁle from Fig. 2D (black) evaluating contributions
arising from the Ras peptide backbone (blue) and the DMPC carbonyl groups (red)
which virtually cancel each other.
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length [5,18].
In Fig. 5 we analyze the difference proﬁle from Fig. 2D (DMPC-
d67/Ras-d66). It was originally hypothesized that the observed peaks
in the difference proﬁle arise from the protiated peptide backbone
(outer peak) and the protiated hydrophobic side chains (inner
peak) which dilute the 2H atoms of the DMPC-d67 molecules but
due to the low resolution of the experimental data, this could never
be validated. This interpretation assumed that these features provid-
ed direct information on the location of the peptide in the bilayer
[17]. The analysis of the simulation trajectories shows that the scat-
tering density originating from the peptide backbone (blue), howev-
er, is actually located somewhere in between the two peaks, in direct
contradiction to the original interpretation. The peptide backbone
gives rise to no features in the difference proﬁle due to an interesting
cancelation of two effects. The reason why the dilution due to the
backbone is not seen in the difference proﬁle is the close match of
the positive contribution of the backbone itself (shown in blue) and
the negative contribution due to the dilution of the carbonyl groups
whose difference proﬁle between DMPC-d67 and DMPC-d67/Ras-d66
simulations is shown in red. Their close lateral position can also be
appreciated in the simulation snapshot shown in Fig. 7A.
While the analysis of the simulations shows that the peaks in the
difference proﬁle of DMPC-d67 and DMPC-d67/Ras-d66 do not directly
indicate the peptide location it does provide an interpretation of the
observed peaks in terms of changes in lipid bilayer structure arising
from peptide incorporation. We ﬁrst examine the origin of the outer
peak in the difference proﬁle in terms of the DMPC phosphate and
choline groups (Fig. 6A). In panel A the scattering density originating
from choline (solid) and phosphate (dashed) groups of the DMPC-d67
(red) and DMPC-d67/Ras-d66 (blue) replica exchange simulations is
shown. The differences between these two simulations are shown
as solid green and dashed green line respectively and are well super-
imposed with the outer peak in the difference proﬁle from Fig. 2D
(black). From the ﬁgure we see that the outer peak comes mainly
from a dilution of the deuterated DMPC-d67 choline group that arises
from greater spacing between lipid headgroups upon peptide incor-
poration which is also detailed in the simulation snapshot shown in
Fig. 7B. In Fig. 6B we see that the origin of the inner peak in theFig. 4. Snapshot of the DMPC-d54/Ras simulation detailing the observations from Fig. 3.
All molecules except water are shown as gray sticks with the methyl and methylene
groups of DMPC-d54 (hydrogens in cyan and blue respectively) and Ras (hydrogens
in green) shown in a VdW representation.difference proﬁle arises from subtle changes in the structure of the
hydrophobic core. The scattering density originating from methyl
and methylene groups of the DMPC-d67 (red) and DMPC-d67/Ras-
d66 (blue) replica exchange simulations is shown and their differ-
ence (green) nicely overlaps with the inner peak in the difference
proﬁle from Fig. 2D (black). This small difference in hydrocarbon
chain scattering corresponds to the location of the protonated hy-
drophobic side chains of the Ras peptide that dilute the deuteratedFig. 6. Decomposition of the difference proﬁle from Fig. 2D (black). Panel A shows scat-
tering density originating from choline (solid) and phosphate (dashed) groups of the
DMPC-d67 (red) and DMPC-d67/Ras-d66 (blue) replica exchange simulations and the
corresponding difference proﬁles (green). Panel B shows the scattering density origi-
nating from methyl and methylene groups of the DMPC-d67 (red) and DMPC-
d67/Ras-d66 (blue) replica exchange simulations and their corresponding difference
proﬁles (green). Sidechain contributions from the peptide are shown as orange (methi-
onine) and cyan (leucine) lines where their scattering proﬁles have been multiplied by
150.
Fig. 7. Snapshots of the DMPC-d67/Ras-d66 simulation detailing the observations from
Figs. 5 and 6. All molecules except water are shown as gray sticks with highlighted
moieties shown in a VdW representation. In panel A the Ras peptide backbone (blue)
and the DMPC carbonyl groups (red) are shown which virtually are at the same lateral
position. In Panel B the lipid choline (blue) and phosphate (cyan) groups that are dilut-
ed due to the presence of the Ras peptide backbone (red) in the lipid water interface
are shown. Panel C shows the dilution of the methyl and methylene groups (hydrogens
in blue) of DMPC-d67 and Ras-d66 close to the lipid water interface by the hydrophobic
side chains of methionine (orange) and leucine (cyan).
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also be seen in the simulation snapshot shown in Fig. 7C.
4. Conclusions
Interpretation of neutron scattering proﬁles in particular when
using molecules with isotopic labels often seems to be a fairly
straightforward task once they have been calculated. Frequently, dif-
ference proﬁles are calculated to localize the labeled groups. Our re-
sults however show that one must be careful as the differences
might not always arise solely from the addition of the labeled mole-
cules but also by the inﬂuence they have on the system. In particular
it was shown that one peak observed in such a difference proﬁle
purely originated from a change in system topology the peptide in-
duced rather than from the peptide itself. In this case the circum-
stances were exceedingly unlucky since two different effects
combined to make interpretation much more difﬁcult. First, the pep-
tide backbone that was to be located by the experiments was residing
near the carbonyl groups, i.e. in the region of the membrane which
cannot be deuterated. Therefore, the difference in scattering length
was negligible as mostly carbon, oxygen and hydrogen of the lipids
was replaced carbon, oxygen, hydrogen, and some nitrogen of the
peptide backbone. Second, the peptide penetrated the membrane
thereby pushing the lipids aside and diluting the deuterated head-
groups generating a peak in the difference proﬁle due to a secondary
effect not allowing any direct conclusions about the peptide backbone
location.
Our results show how atomistic computer simulations can be
combined with low resolution neutron scattering data to obtain
structural details of lipid–protein assemblies and avoid ambiguities
in the interpretation. In such a combined approach the investigator
can use the experiments solely to guide the simulations and validate
their results while the simulations provide a detailed atomistic model
of the physical system that allows a much more detailed interpreta-
tion. In the case investigated in this article we could now locate the
peptide backbone of the membrane anchor of the human N-Ras pro-
tein with much more precision at the position of the lipid carbonyl
groups. This position is about 4 Å closer to the membrane center
than assumed before and much more precise than the experiment
that offered a nominal resolution of either 8.5 Å or 19 Å. Regarding in-
vestigations on the structure and dynamics of the lipid modiﬁcations
this offers new possibilities of data interpretation. Previously, it has
been shown that the lipid modiﬁcations of Ras adopt their length to
the surrounding membrane [5,18] and are therefore extremely ﬂexi-
ble [19]. Lipid modiﬁcations of other proteins however do not react
to changes in membrane thickness [6] and the underlying biophysical
reasons are still not understood. Obviously, the position of the pep-
tide backbone will be an important factor for the interactions as
shown for in particular for MARCKS and Src where the backbone is lo-
cated at the level of the head groups [27,28] which has dramatic ef-
fects on the acyl chain structure and dynamics [29]. Therefore, the
much more precise position of the peptide backbone obtained in
this article now provides the basis for new investigations on the mo-
lecular origin of these observations.
The simulation can also be used to reduce the number of neutron
scattering experiments which must be carried out. For example, in
the case of the Ras peptide/lipid bilayer system described here a pos-
sible experimental strategy would have been to prepare additional
sets of samples that differed only in the deuteration schemes
employed to Ras and the lipids. For instance samples could have
been prepared with the composition DMPC-d54/Ras where the Ras
acyl chains were either protiated or deuterated. The difference proﬁle
in this case would have directly provided the location of the Ras acyl
chains. Similarly, deuterating the peptide side chains and measuring
the difference proﬁle against a membrane containing Ras with pro-
tiated side chains would identify the location of these groups. It is
224 A. Vogel et al. / Biochimica et Biophysica Acta 1818 (2012) 219–224unclear, however, if the signiﬁcant efforts and expense to conduct
these additional experiments would be worth the additional informa-
tion gleaned. In the former case, i.e. comparing Ras acyl chains, there
is no additional insight provided over the experiments and simula-
tions described here. And in the latter case of very costly amino acid
deuteration one would still be left without information on the loca-
tion of the backbone.
In summary, we could show that MD simulations are well suited
to complement neutron scattering experiments. They greatly simplify
interpretation of the experimental results and provide much more in-
formation than could be deducted from the experiments alone.Acknowledgements
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